1.. Introduction
================

Memory is a higher order brain function which can store and recall the previously learnt information. It is initially formed as short term memory which is later stabilized in the form of synaptic connections. Such stabilization of long term memory is called memory consolidation which requires the expression of synaptic plasticity genes and protein synthesis \[[@r1]\]. Memory is tightly associated with neuroplasticity events which involve the modulation of synaptic molecules and neural networks. Specifically, the activation of neuronal plasticity genes is considered to be a key mechanism for the modification of neural networks and formation of memory. These synaptic plasticity genes include growth/neurotrophic factors, vesicular transporters, microtubule structures, transcription factors, kinases and receptors. After neuronal stimulation, these synaptic plasticity genes get activated and remodel synaptic structures by increasing the neuronal branching which further forms new connections to stabilize the memory. Thus, transcription of these synaptic plasticity genes is crucial for memory formation and stabilization \[[@r2]\]. The expression of synaptic plasticity genes is altered during memory formation and loss in different animal models and human subjects. Transcription of many synaptic plasticity genes such as brain derived neurotrophic factor (BDNF), activity-regulated cytoskeletal-associated protein (ARC), early growth response 1 (EGR1), glutamate receptor (GluR) and cAMP response element binding (CREB) protein is upregulated during spatial, fear and recognition memory formation and stabilization \[[@r3]-[@r6]\]. However, due to alteration in the expression of these synaptic plasticity genes, the long term memory tends to lose during physiological aging and different pathological conditions like dementia, depression, neurodegenerative diseases and neuropsychiatric problems \[[@r7]-[@r12]\].

The molecular mechanism regulating decline in the expression of synaptic plasticity genes is not clearly understood. However, research in the last decade reveals that expression of these synaptic plasticity genes is tightly regulated at transcriptional level by epigenetic mechanisms. Research in the past decade unveiled the role of epigenetic modifications including DNA methylation, histone acetylation and methylation in the regulation of synaptic plasticity genes and memory consolidation. Gene expression at trans- criptional level is regulated negatively by DNA methylation and positively by histone acetylation. Remarkably, the use of epigenetic modifiers, like enzyme inhibitors, rescues the epigenetic change and improves memory consolidation \[[@r7], [@r12], [@r13]\]. Thus epigenetic regulation of memory has a great therapeutic potential for treating memory disorders during aging and pathological conditions.

2.. Chromatin modifications and regulation of memory
====================================================

Chromatin refers to a complex interaction of DNA, histone and nonhistone proteins, which in turn packs large DNA in the nucleus. Nucleosome is the fundamental unit of chromatin consisting of 147 bp DNA wrapped around histone octamer (two copies of each H2A, H2B, H3 and H4). Apart from this core histone, a linker histone called H1 is present between two nucleosomes. Chromatin is usually present in condensed state, which does not allow the binding of transcription factors and thus inhibits gene transcription. When chromatin is relaxed, transcription factors bind to the DNA easily and activate gene transcription. Thus, condensation and relaxation of chromatin regulate the expression of genes. The change in the chromatin state due to covalent modifications of DNA and histone influences the expression of associated genes and this phenomenon is known as epigenetic regulation. Thus, epigenetic regulation is defined as change in gene expression due to covalent modifications of DNA *i.e*. DNA methylation and histone post-translational modifications *i.e*. acetylation, methylation and phosphorylation without change in DNA sequence. DNA methylation and histone modifications change the interaction between DNA and histone and thus positively or negatively regulate gene expression at transcriptional level. Research in the past decade revealed that change in chromatin structure regulates synaptic plasticity genes and thereby many brain functions including memory.

2.1.. DNA Modifications
-----------------------

DNA modifications include DNA methylation and hydroxymethylation which occur at the cytosine followed by guanine residues known as CpG islands. These modifications regulate the expression of genes involved in memory.

### 2.1.1.. DNA Methylation

DNA methylation involves the transfer of methyl group from S-adenosyl methionine to cytosine residues. This process is catalyzed by a group of enzymes known as DNA methyltransferases (DNMTs) which further regulate memory processes.

### 2.1.2.. DNA Methyltransferases

DNMTs are broadly categorized into *de novo* DNMTs and maintenance DNMTs. The *de novo* DNMTs, DNMT3a and DNMT3b, establish initial methylation patterns on unmethlyated DNA. On the other hand, the maintenance of DNMT, DNMT1 establishes methylation patterns on hemimethylated replicating DNA.

For the first time, Goto *et al*. \[[@r14]\] identified the presence of DNMTs in neurons. Furthermore, Feng *et al*. \[[@r15]\] demonstrated the differential expression of DNMT3a and DNMT3b in CNS precursor cells and post mitotic neuronal cells. Since learning and memory is the key function of brain, understanding their regulation is crucial to elucidate the mechanism of memory formation and maintenance. In this context, Levenson *et al*. \[[@r16]\] identified the role of DNMTs in regulating synaptic plasticity and showed the association of DNMT3a expression in hippocampus with induction of long term potentiation (LTP) and modulation of neuronal functions. Similarly, Miller and Sweatt \[[@r17]\] also reported the involvement of DNMTs in memory formation. They found that animals exposed to associative context-plus-shock training exhibit increased DNMT3a and DNMT3b expression in the cornu ammonis (CA) 1 region of hippo- campus. Double knock out (KO) of DNMT1 and 3a showed impaired fear memory and spatial memory consolidation \[[@r18]\]. Thus, DNA methylation is an important regulator of various neuronal functions like memory acquisition and consolidation.

After observing decline in memory consolidation during aging, the underlying involvement of DNMTs was studied and Liu *et al*. \[[@r19]\] reported that DNMT1 deficiency impairs learning and memory in an age-dependent manner. Total DNA methylation level also decreased in the cerebral cortex and hippocampus of heterozygous DNMT1 KO mice. Such decline in DNA methylation level was associated with impaired spatial memory consolidation in older people. Surprisingly, DNMT1 heterozygous KO mice exhibited normal working memory but impaired memory consolidation. Similarly, Elsner *et al*. \[[@r20]\] also reported decline in the expression of DNMT1 in the hippocampus of old rats which had lower memory consolidation as compared to young. We also observed decline in the expression of DNMT1 in the cerebral cortex and hippocampus of old mice as compared to young and adult. Such decline in DNMT1 is positively correlated with reduction in recognition memory consolidation during aging \[[@r21]\].

The involvement of DNA methylation has also been studied during different neuropathological conditions. Mastroeni *et al*. \[[@r22]\] have shown that cytosine methylation level decreases with decline in DNMT1 expression in Alzheimer's disease (AD) patients as compared to healthy individuals of similar age. Also, DNMT1 mutation in cerebral cortex and hippocampus of mice leads to neurodegeneration which further results in the reduction of memory consolidation \[[@r23]\]. Similarly, Klein *et al*. \[[@r24]\] demonstrated that DNMT1 mutation causes aberrant change in DNA methylation which is responsible for dementia, hearing loss and neuro- degeneration in human. Oliveira *et al*. \[[@r25]\] found decline in the expression of DNMT3a2 in hippocampus and cortex during age associated decline in memory consolidation. Recently, we observed enhanced expression of DNMT1 in the hippocampus of scopolamine-induced amnesic mice and its association with impaired recognition memory consolidation \[[@r12]\]. Similarly, the expression of DNMT3a and DNMT3b was increased in sevoflurane-induced cognitive impairment \[[@r26]\]. Thus, DNA methylation is an important mechanism for regulation of memory.

### 2.1.3.. DNA Methylation and Gene Expression

CpG methylation within promoter and intragenic regions has been extensively studied during learning and memory. Cytosine methylation at the promoter prevents the binding of transcription factors either directly or through recruitment of methyl-binding proteins and formation of repressor complex \[[@r27], [@r28]\]. Consequently, the gene expression is suppressed (Fig. **[1](#F1){ref-type="fig"}**). Several studies have shown that transcription repression through DNA methylation of particular genes is involved in physiological and pathological conditions. Levenson *et al*. \[[@r16]\] reported altered methylation pattern at the promoter of synaptic plasticity genes reelin and BDNF in the hippocampus. They provided the first evidence of DNA methylation in dynamic signaling in adult nervous system and showed that DNMT activity is required for normal hippocampal synaptic plasticity. A follow-up study by Miller and Sweatt \[[@r17]\] found that fear conditioning increased the methylation at promoter and thereby reduced the expression of memory suppressor gene protein phosphatase 1 (PP1). On the other hand, contextual fear conditioning decreased methylation at the promoter and thereby increased the expression of synaptic plasticity gene reelin. Thus, DNA methylation and demethylation at the promoter region of genes are crucial for fear memory consolidation. In a similar study, Lubin *et al*. \[[@r29]\] have shown the effect of context exposure and contextual fear conditioning on BDNF methylation in the hippocampus. They found decrease in BDNF methylation level at exon I and IV but increase at exon VI in CA1 region of hippocampus 2 h after contextual fear conditioning. Further, Siegmund *et al*. \[[@r30]\] studied the methylation status of 50 selected genes in the human cerebral cortex during aging and found increased methylation of 8 genes during aging, 18 genes during initial years after birth and 2 genes during AD. They concluded that changes in DNA methylation might alter the neuronal gene expression and thereby memory disorders associated with AD and schizophrenia.

In DNMT1 and DNMT3a double KO mice, Feng *et al*. \[[@r18]\] reported DNA demethylation of gene promoter resulting in the upregulation of immune genes such as Class I MHC and Stat1 which lead to decline in learning and memory. Munoz *et al*. \[[@r31]\] identified the putative role of DNA methylation in BDNF expression which regulates encoding of recognition memory in medial temporal lobe. They further found that expression of BDNF in hippocampus is regulated by DNA methylation which helps in object recognition memory consolidation. To study the long-lasting memory, Miller *et al*. \[[@r32]\] identified the cortical DNA methylation status of three memory-associated genes EGR1, reelin and calcineurin. They observed demethylation of EGR1 after 1 h and hypermethylation of reelin and calcineurin after 1day of training. Taken together, they showed that persistent, gene specific cortical hypermethylation gets induced in rats by hippocampus-dependent associative learning experience. They also proposed that the adult brain utilizes DNA methylation to store long-lasting memories. Ma *et al*. \[[@r33]\] identified an active neuronal demethylase Gadd45b in the mature hippocampus as a result of neuronal activity. They showed that Gadd45b is required for electroconvulsive therapy-induced demethylation of BDNF promoter and Fgf-1, leading to the recovery of memory. Sultan *et al*. \[[@r34]\] have further shown that genetic deletion of Gadd45b enhanced long term memory and synaptic plasticity, suggesting  the memory-associated expression of Gadd45b in the hippocampus. They concluded that Gadd45b is a learning-induced gene which actively demethylates DNA and acts as a regulator of memory.

Penner *et al*. \[[@r8]\] reported association of age-dependent decrease in the transcription of ARC gene in the rat hippocampus with reduced spatial memory consolidation. They further studied the methylation pattern at the intragenic and promoter region of ARC gene and found altered methylation pattern in the CA1 and dentate gyrus (DG) region during resting and spatial learning. Therefore, they suggested that methylation of ARC gene is dynamically regulated by spatial behavior and changes in region and age specific manner. Similarly, Haberman *et al*. \[[@r35]\] identified that age-dependent DNA methylation changes in the promoter region of cognitively relevant genes like Gabra5, Hspa5 and Syn1 and suggested that methylation at single CpG is more relevant to individual cognitive performances. Oliveira *et al*. \[[@r25]\] showed increased DNA methylation of c-FOS, ARC and BDNF in the hippocampus, resulting in downregulation of synaptic plasticity genes during aging. We also reported hypermethylation of BDNF and ARC promoter during reduced memory consolidation in the hippocampus of scopolamine-induced amnesic mice \[[@r12]\]. A seminal study by Penner *et al*. \[[@r36]\] reported the CpG site-specific change in DNA methylation at the promoter region of EGR1 gene and age-related reduction in EGR1 trans- cription in DG and CA1 region during aging following spatial learning. Alteration in DNA methylation is associated with change in transcription of EGR1 gene and consequently decline in memory consolidation. Futher, Ju *et al*. \[[@r26]\] observed an association of sevoflurane-induced cognitive impairment with hypermethylation of BDNF and reelin gene resulting in their decreased expression. Zinc deficiency induced cognitive impairment is also associated with altered BDNF methylation in the hippocampus \[[@r37]\]. Recently, decreased memory consolidation during scopolamine-induced amnesia was found to be associated with increased promoter methylation and decreased expression of neuronal immediate early genes EGR1, Homer1 and NARP \[[@r38]\]. Animal model of prenatal stress (restraint stress in pregnant mice) showed upregulation in the expression of DNMT1 in the frontal cortex and hippocampus but no change in histone deacetylases (HDACs), histone methyltransferases (HMTs) and histone demethylases (HDMs) or methyl CpG binding protein 2 (MeCP2) \[[@r39]\]. The level of DNA methylation is lowered at the promoter region of peptidyl argininedeiminase 2 and its expression is increased in the white matter of patients with multiple sclerosis \[[@r40]\]. The expression of DNMT1 was upregulated and associated with hypermethylation of synaptic plasticity genes GAD1 and reelin in postmortem brain samples of Schizophrenia patients \[[@r41]-[@r45]\]. Thus gene specific promoter methylation is an important mechanism to regulate the expression of memory related genes during physiological and pathological conditions.

### 2.1.4.. DNA Hydroxymethylation

DNA 5 methyl cytosine (5mC) is converted to DNA 5 hydoxymethyl cytosine (5hmC) by ten-eleven-translocation (TET) family of enzymes. Such DNA hydroxymethylation serves as a stable epigenetic mark and is enriched in gene coding regions, promoters and transcription factor binding sites which regulate gene expression. It positively regulates gene expression and its dysregulation may lead to impaired gene expression resulting in neurodevelopmental and neurodegenerative diseases \[[@r46]-[@r49]\]. Global 5hmC level decreases in AD patients as compared to age-matched control \[[@r50]\], while global 5hmC level increases during aging in mouse hippocampus \[[@r51]\]. TET1 is regulated by neuronal activity and TET1 hydroxylase positively regulates several genes implicated in learning and memory by their demethylation \[[@r52]\]. Further, overexpression of TET1 impairs hippocampus-dependent long term associative memory. Similarly, Rudenko *et al*. \[[@r53]\] reported that TET1 KO downregulated the expression of neuronal activity-regulated genes NPAS4, c-FOS and ARC with abnormal long term depression and impaired memory extinction in mice. They showed that neuronal TET1 maintains normal DNA methylation and thereby regulates the expression of activity regulated genes, synaptic plasticity and memory extinction. Biergans *et al*. \[[@r54]\] have also shown that memory consolidation in *Apis mellifera* requires a temporally controlled DNA methylation and demethylation pattern involving different enzymes like DNMT1b, TET1 and DNMT3 at different time points. TET1 KO mice exhibit active demethylation resulting in altered expression pattern of neuronal activity-regulated genes \[[@r55]\] and enhanced cued and contextual fear memory consolidation and object location memory. Similar to DNMT1, Dong *et al*. \[[@r39]\] observed upregulation in the expression of TET1 in the frontal cortex and hippocampus of animal model of prenatal stress. Thus, TET1 inhibition might be targeted as a therapeutic potential for memory decline in neurodegenerative disorders and aging.

2.2.. Histone Modifications
---------------------------

Amino acid residues present at the N-terminal of histones undergo several post-translational modifications (PTMs), namely acetylation at lysine, methylation at lysine and arginine, and phosphorylation at serine. These PTMs alter the chromatin organization at the local level and regulate the expression of associated genes. They are catalyzed by several chromatin modifying enzymes which either add or remove small molecule from the histone tail. These chromatin modifying enzymes have been found to alter in different physiological and pathological conditions and thereby regulate the genes and associated functions.

### 2.2.1.. Histone Acetylation

Histone acetylation is associated with active gene expression, while deacetylation is correlated with gene repression. Acetylation of histones is catalyzed by histone acetyl transferases (HATs) which add acetyl group from acetyl CoA onto lysine residues at N terminal tail of histones. This reduces affinity between histone and DNA resulting in relaxed chromatin which is easily accessible for the binding of transcription factors and active transcription. On the other hand, HDACs remove acetyl groups from lysine residues resulting in condensed chromatin and suppression of gene transcription. Thus, these chromatin modifying enzymes tightly regulate the histone acetylation mark and gene expression.

### 2.2.2.. Histone Acetyltransferases

HATs are transcriptional activators. They are divided into five families: 1) GNAT family, 2) p300/CBP family, 3) MYST family, 4) transcription factor related HATs, and 5) nuclear receptor associated HATs \[[@r56]\]. p300/CBP family is lysine acetyl transferase (KAT3) and very important due to its involvement in many processes including regulation of transcription, cell cycle, development, neuronal differentiation, neurogenesis and memory consolidation \[[@r57]-[@r59]\]. CBP (CREB binding protein) acetylates many sites on histone H2B, H3 and H4 and helps in long term memory formation \[[@r60]-[@r62]\]. CBP conditional KO mice showed impaired long term memory as well as short term associative and recognition memory. Treatment with HDAC inhibitor trichostatin-A (TSA) rescued lower histone acetylation level but it was unable to recover short as well as long term memory, suggesting that memory impairment is not directly associated with lowering of HAT activity. Microarray study showed that large number of synaptic plasticity genes including CaMKs, NMDARs, AMPARs, PSD95 and glutamate receptors were downregulated in CBP conditional KO mice \[[@r63]\]. Postnatal forebrain specific CBP mutant mice showed strong reduction of acetylation level on H2A, H2B, H3 and H4, and impaired long term recognition memory \[[@r64]\]. Medial prefrontal cortex specific CBP mutant mice showed normal short term but impaired long term fear conditioning, Morris water maze and object location memory \[[@r65], [@r66]\]. These mice also exhibited decrease in the expression of synaptic plasticity genes EGR1 and BDNF and impairment of contextual fear conditioning and novel object recognition \[[@r67], [@r68]\]. Similarly, sleep deprivation induced memory impairment is associated with decline in expression of CBP, H3K9 and H4K12 acetylation level in the hippocampus \[[@r69]\]. CBP overexpression increased BDNF expression and restored the impairment of spatial memory in AD mouse model \[[@r70]\]. On the other hand, Giralt *et al*. \[[@r71]\] reported lowered CBP expression, H3 acetylation level and impaired memory in mouse model of Huntington's disease (HD). Further, CBP regulated synaptic plasticity genes ARC, c-FOS and NR4A2 were downregulated in HD mouse model. CBP is also involved in environmental enrichment mediated increase in neurogenesis and memory consolidation \[[@r72]\]. Stilling *et al*. \[[@r73]\] have shown the involvement of K-lysine acetyltransferase (Kat)2a in hippo- camapal dependent fear, recognition and spatial memory consolidation. They observed that Kat2a conditional KO mice have impaired memory consolidation and decreased histone H4K12, H3K18 and H3K14 acetylation at the promoter region of synaptic plasticity genes Nbpwr1 and Hcrtr2. Inhibition of p300/CBP by C646 decreased histone pan-acetylation and impaired object recognition memory consolidation \[[@r6]\].

### 2.2.3.. Histone Deacetylases

HDACs are transcriptional repressors. They are divided into four groups: class I, II, III and IV. Among these, class I HDACs comprise of HDAC1, 2, 3 and 8, which are found in the nucleus and regulate the expression of memory genes at transcriptional level \[[@r74]\]. HDAC2 negatively regulates memory and synaptic plasticity gene expression. Guan *et al*. \[[@r5]\] first showed that HDAC2 but not HDAC1 regulates the expression of synaptic plasticity genes and memory consolidation. HDAC2 regulates the expression of synaptic plasticity genes involved in different stages of memory. Its overexpression shows downregulation of synaptic plasticity gene BDNF, EGR1, Homer and GluR, and impairment of spatial and fear memory consolidation. Similarly, HDAC2 conditional KO mice showed enhanced contextual fear memory consolidation, attentional set-shifting task and LTP \[[@r75]\]. HDAC2 expression was upregulated in the hippocampus of neurodegenerative mouse model as well as in the brain of AD human subject \[[@r6]\]. This mouse model also showed decline in the expression of synaptic plasticity genes including BDNF, ARC and EGR1. We have also observed that HDAC2 expression was upregulated in the hippocampus of old as compared to young and adult mice and negatively correlated with decline in novel object recognition memory during aging \[[@r21]\]. Further, we noted that HDAC2 was upregulated in the hippocampus of scopolamine-induced amnesic mice and this upregulation was associated with decline in the expression of BDNF and ARC \[[@r12]\].

HDACs form a repressor complex by interacting with methyl CpG binding proteins at the promoter region of genes \[[@r76]\]. This repressor complex removes acetyl group from histone and thereby suppresses the expression of gene \[[@r77]\]. Upregulation of HDAC2 expression in neurodegenerative mouse model is associated with increase in the binding of HDAC2 at the promoter region of synaptic plasticity genes like BDNF, ARC, EGR1 and Homer \[[@r6]\]. HDAC2 removes important acetyl mark from histone H3K9, H3K14 and H4K12 at the promoter region of synaptic plasticity genes and thereby suppresses gene expression \[[@r5], [@r6]\]. However, intrahippocampal silencing of HDAC2 by antisense oligo- nucleotide recovered recognition memory consolidation and histone H3K9/14 acetylation level at the promoter region of synaptic plasticity genes BDNF and ARC \[[@r12]\]. HDAC2 is also associated with different physiological and disease conditions including social isolation, depression, mood disorder, anxiety, schizophrenia, bipolar disorder and HD \[[@r78]-[@r82]\]. Liang and Fang \[[@r83]\] observed that isoflurane-induced memory impairment is associated with increase in the activity of HDAC2 but not HDAC4 in the hippocampus. Sleep deprivation induced cognitive impairment is associated with upregulation in the expression of HDAC2 and reduction in H3K9 and H4K12 acetylation level at the promoter region of BDNF gene in the hippocampus \[[@r69]\]. Similar to HDAC2, McQuown *et al*. \[[@r84]\] have reported that another member of class I family HDAC3 is a negative regulator of memory. HDAC3--FLOX mice showed increase in H4K8 acetylation level, synaptic plasticity genes c-FOS and NR4A2 and memory consolidation for object relocation and novel object recognition test. Recent report showed that anxiety like behavior due to social isolation is associated with increased CBP and decreased HDAC2 expression in the cerebral cortex of female mice \[[@r82]\]. Sharma *et al*. \[[@r85]\] observed that the expression of HDAC1 upregulated in the prefrontal cortex of schizophrenia subjects. Alcoholism is a complex psychiatric disorder and leads to anxiety like behavior \[[@r86]\]. Animals preferring alcohol showed higher level of HDAC2 expression and lower H3K9 acetylation at the promoter of synaptic plasticity genes BDNF and ARC in central and medial nucleus of amygdala as compared to alcohol nonpreferred animals \[[@r86]\]. Uchida *et al*. \[[@r87]\] reported that the expression and binding of HDAC2 at the promoter of GDNF increased in the nucleus accumbens of stress and depressed mice. Exposure to general anesthesia during pregnancy harms the nervous system of the developing fetus and may cause memory impairment in the young \[[@r88]\]. Offspring of pregnant rat exposed with isoflurane anesthesia showed impaired spatial memory with increase in HDAC2 and decrease in CREB and NR2B expression in the hippocampus. Further, treatment with HDAC inhibitor Suberoylanilide hydroxamic acid (SAHA) ameliorated the effect of isoflurane and recovered memory in offspring \[[@r89]\]. Maternal separation is an early life stress which has adverse effect on nervous system of the young and impaired cognitive functions including learning and memory. Recently, Albuquerque *et al*. \[[@r90]\] reported that early life maternal deprivation in rats showed higher HDAC activity and lower H3 acetylation level which further impaired recognition memory.

Apart from class I HDAC2, recent reports have revealed the role of class II HDAC in learning and memory and comprises of HDAC4, 5, 6, 7, 9 and 10. Kim *et al*. \[[@r91]\] observed that conditional KO of HDAC4 impaired associative fear and spatial memory, but conditional KO of HDAC5 showed normal memory as compared to wild type in associative fear memory test. Similarly, conditional KO of HDAC4 or 5 showed normal basal synaptic transmission. However, they observed that LTP and paired-pulse facilitation decreased in HDAC4 KO mice. In a different report, Fitzsimons *et al*. \[[@r92]\] found that HDAC4 overexpression or inhibition in adult Drosophila impaired LTM, suggesting that basal level of HDAC4 is required for LTM. Govindarajan *et al*. \[[@r93]\] reported that HDAC6 KO enhanced spatial memory in wild type mice and recovered spatial and fear memory in mouse model of AD. Similarly, inhibition of HDAC6 recovered spatial and fear memory in mouse model of tau pathology \[[@r94]\]. These results are in contrast with the earlier results where inhibition of HDAC by class II inhibitors recovered memory.

Class III HDAC sirtuins comprise of sirtuin 1-7 and are known for their role in life span modulation. Kakefuda *et al*. \[[@r95]\] have observed that overexpression of sirtuin 1 impaired reference memory in mice. In contrast to the previous report, Michan *et al*. \[[@r96]\] showed that sirtuin 1 KO mice have impaired short term memory, associative fear memory, spatial memory but normal recognition memory similar to wild type. Several reports have shown that sirtuin plays an important role in calorie restriction mediated increase in lifespan \[[@r97], [@r98]\]. Heyward *et al*. \[[@r99]\] observed that diet induced obesity in mice showed lower sirtuin1 expression and impaired object location memory. Further, environmental enrichment increased the expression of sirtuin 2 and 6, and improved spatial and recognition memory in senescence accelerated mouse P8 \[[@r100]\]. On the other hand, Yin *et al*. \[[@r101]\] have reported that expression of sirtuin 6 is downregulated in the CA1 region following contextual fear conditioning. Further, they observed that overexpression of sirtuin 6 in CA1 region impaired fear memory. Thus, the role of sirtuins in learning and memory is still elusive and warrants further research to unveil its exact role in memory.

### 2.2.4.. Histone Acetylation and Gene Expression

Previous studies have shown that specific histone acetylation marks are essential for the expression of synaptic plasticity genes and long term memory formation. These acetylation marks change in different physiological conditions and thereby affect gene expression and memory. Levenson *et al*. \[[@r3]\] first showed that hippocampal histone  H3 acetylation is crucial for contextual fear memory formation. Similar study by Fischer *et al*. \[[@r102]\] has shown that environmental enrichment enhanced histone H3K9/14 and H4K5/8/12 acetylation in hippocampus as well as H3K9 and H3K5 in cortex of neurodegenerative mouse model. Such increase in histone acetylation is associated with enhanced spatial and associative memory consolidation in neuro- degenerative mouse model. Histone acetylation mark also changes in animals exposed to a specific learning task. Federman *et al*. \[[@r103]\] found that H3 histone acetylation level increased in the brain of adult male crabs (*Chasmagnathus granulates*) during memory consolidation. Similarly, Bousiges *et al*. \[[@r104]\] have observed that spatial and fear memory consolidation is associated with acetylation at H2B and H4 as compared to naive animals. Further, Intlekofer *et al*. \[[@r105]\] have shown an association between histone H4K8 acetylation and enhanced object location memory consolidation due to exercise. Histone acetylation marks are different in hippocampus and cortex; they are rapidly and transiently changed in the hippocampus but delayed and stable in the cortex. Graff *et al*. \[[@r6]\] have observed that acetylation level at histone H3K14 and H4K5 increased within 24 h and decreased after 24 h of novel object recognition test in the hippocampus. On the other hand, acetylation at H3K14 and H4K5 increased after 24 h and persisted till 7 days. The differential pattern of histone acetylation mark is due to differences in the function of hippocampus and cortex during memory formation and storage. Intrahippocampal estradiol treatment also recovered recognition memory consolidation, decreased HDAC2 expression and increased histone acetylation at H3K9 and H3K14 in the hippocampus of ovariectomized mice \[[@r106], [@r107]\]. Further, swimming exercise enhanced memory and H3K9, H4K5 and H4K12 acetylation levels in the hippocampus and recovered memory impairment resulting from isoflurane injection \[[@r108]\].

Histone acetylation activates the expression of synaptic plasticity genes and thereby memory consolidation. Guan *et al*. \[[@r5]\] have shown that HDAC2 overexpressed mice showed decrease in histone H3 and H4 acetylation level at the promoter region of synaptic plasticity genes CREB, EGR1, GluR1 and c-FOS. Neurodegenerative mouse model showed decreased level of H4K12 at the promoter region of synaptic plasticity genes BDNF, ARC, EGR1, Homer1 and GluR1 \[[@r6]\]. Bousiges *et al*. \[[@r109]\] have observed that spatial memory consolidation increased histone H2B and H4 acetylation level at the promoter region of BDNF, EGR1 and c-FOS. Similarly, contextual fear conditioning increased histone H3 acetylation level at the promoter region of BDNF \[[@r110]\]. Intlekofer *et al*. \[[@r105]\] have observed that histone H4K8 acetylation level increased at the promoter region of BDNF during exercise mediated enhanced object location memory consolidation. Similarly, fear condition increased histone H3 acetylation level at the promoter region of BDNF as compared to naïve animal \[[@r111]\]. As histone acetylation pattern is different in hippocampus and cortex, histone acetylation at the promoter of EGR1 also showed similar change in these two regions \[[@r6]\]. Amyloid precursor protein (APP) mutant mice showed increase in histone H3 and H4 acetylation level at the promoter region of synaptic plasticity gene EGR1, indicating the role of APP in regulation of gene expression through chromatin modification \[[@r112]\]. Isoflurane-induced cognitive impairment models showed decrease in H3 and H4 acetylation at the promoter of GLT1 and mGLUR1/5 \[[@r83]\]. Further, we reported that lower histone H3K9 and H3K14 acetylation level at the promoter of synaptic plasticity genes BDNF, ARC, EGR1, Homer1 and NARP decreased their expression leading to reduced memory consolidation in scopolamine-induced amnesic mice \[[@r12], [@r38]\].

### 2.2.5.. Histone Methylation

Methylation occurs at lysine and arginine residues  on N terminal tail of histones and involves three different possible variations-monomethylation, dimethylation and trimethylation. These different forms of methylation influence chromatin organization differentially and regulate gene expression either positively or negatively \[[@r113]-[@r115]\]. Histone methylation is catalyzed by histone HMTs which add methyl group while HDMs remove methyl group from specific arginine or lysine in histones H3 and H4. HMTs have a conserved SET domain and are divided into seven families SUV39, SET1, SET2, EZ, RIZ, SMYD and SUV4-20 \[[@r116]\]. HDMs are divided into two classes: amine-oxidase type lysine specific demethylases (LSD) and JumonjiC domain-containing histone demethylases (JMJC).

Histone methylation is implicated in memory and CNS function. Gupta *et al*. \[[@r117]\] for the first time investigated the role of histone methylation in hippocampus-dependent memory. They reported that histone H3K4me3 (active mark for transcription activation) is crucial for the contextual fear memory consolidation and increased in the hippocampus of rats 1 h after contextual fear conditioning. Therefore, they suggested that expression of HMT regulates these methylation patterns at the promoter of synaptic plasticity genes during fear memory. Kerimoglu *et al*. \[[@r118]\] reported that H3K4 methylation through HMT myeloid/lymphoid or mixed-lineage leukemia 2 (Mll2/Kmt2b) is crucial for hippocampus-dependent memory function. Further, they found that Kmt2b critically regulated hippocampal memory consolidation by altered expression of synaptic plasticity genes *via* H3K4 di- and trimethylation linked with H3K9 acetylation. Enhancer of zeste homolog2 (Ezh2) is subunit of polycomb repressive complex 2 and silences gene expression by methylating H3K27 at the promoter of genes. Conditional KO of Ezh2 showed impairment in spatial and contextual fear memory in mice \[[@r119]\]. Jakovcevski *et al*. \[[@r120]\] suggested that H3K4 methylation at the promoter of synaptic plasticity genes through Mll1 enzyme is crucial for cognition and emotion in prefrontal cortex. Akbarian *et al*. \[[@r121]\] showed increase in H3 methylation (Arg17) of schizophrenic patients as compared to controls. Chronic social defeat stress, a method to induce depression in animals, increased dimethylation at H3K27 and thereby decreased the expression of BDNF \[[@r122]\]. Thus, histone methylation plays an important role in memory.

3.. Epigenetic modifiers and recovery of memory
===============================================

3.1.. DNMT Inhibitors
---------------------

As DNMTs are mainly identified as negative regulator of memory, their inhibition could be targeted to recover memory impairment during aging and pathological conditions \[[@r123]\]. 5-Azacytidine (5-Aza) and Zebularine are well studied DNMT inhibitors which block the activity of DNMTs. Levenson *et al*. \[[@r16]\] pharmacologically inhibited DNMTs by the administration of 5-Aza and Zebularine and noted decreased methylation of synaptic plasticity related gene reelin and region specific effect of DNMT inhibition at the BDNF promoter. They suggested that inhibiting DNMTs activity blocks LTP and is crucial for information processing and storage in the hippocampus. Further, Miller and Sweatt \[[@r17]\] infused DNMTs inhibitors 5-Aza and Zebularine  into the CA1 region of hippocampus immediately after contextual-fear conditioning and found decline in memory consolidation. They suggested that DNMTs activity is crucial for memory consolidation. Miller *et al*. \[[@r124]\] also found that pharmacological inhibition of DNMT immediately after fear conditioning decreases PP1 methylation resulting in aberrant transcription of gene and impairment of memory consolidation. Munoz *et al*. \[[@r31]\] incubated the rat hippocampal slices with methylation inhibitor agent 5-Aza and observed reduced methylation of BDNF gene as compared to untreated slices. Similarly, Miller *et al*. \[[@r32]\] infused DNMT inhibitors 5-Aza, Zebularine and RG-108 in the anterior cingulated cortex region of trained rats and found decreased methylation of calcineurin genes 30 days after fear conditioning which impaired long term memory. Zhao *et al*. \[[@r106]\] have reported that estradiol improved recognition memory consolidation through upregulation of DNMT3a and 3b in ovariectomized mice. They further showed that intrahippocampal infusion of 5-Aza after training improved recognition memory consolidation. We also demonstrated that intrahippocampal administration of 5-Aza decreased DNA methylation of ARC and BDNF promoter and restored recognition memory consolidation in scopolamine-induced amnesic mice \[[@r12]\]. Similarly, Ju *et al*. \[[@r26]\] showed that 5-Aza treatment rescued the sevoflurane-induced cognitive impairment by affecting DNA methylation.

3.2.. HDAC Inhibitors
---------------------

HDACs mainly deacetylate histones and regulate gene expression and memory consolidation. Hence, the inhibition or silencing of HDAC could be a promising approach to recover memory decline during aging and diseases \[[@r125], [@r126]\] (Fig. **[1](#F1){ref-type="fig"}**). HDAC inhibitors inhibit the activity of HDACs and recovers histone acetylation level at the promoter of synaptic plasticity genes. Fischer *et al*. \[[@r102]\] have shown that nonspecific HDAC inhibitor sodium butyrate (NaB) significantly enhances spatial and associative memory consolidation in neurodegenerative mouse model. Similarly, intrahippocampal administration of NaB enhanced associative fear conditioning memory and histone H4K12 acetylation level at the promoter of synaptic plasticity genes \[[@r7]\]. NaB treatment recovered hippocampal object location memory consolidation in CBP mutant mice \[[@r127]\]. NaB treatment after training enhanced recognition and object location memory consolidation, and histone H4K8 acetylation level at the promoter region of synaptic plasticity gene BDNF in old rats as compared to control \[[@r13], [@r105]\]. Kilgore *et al*. \[[@r74]\] have shown the recovery of freezing memory deficit by NaB in APP/PS1 AD mouse model. We also found that NaB treatment improved memory consolidation, increased acetylation of total histone H3K9 and H3K14 as well as the promoter region of synaptic plasticity genes BDNF and ARC in scopolamine-induced amnesic mice \[[@r12]\]. NaB treatment improved short as well as long term object recognition memory in mice treated with kainic acid, a convulsant agent which induces neuronal cell death and thereby induces neurodegeneration \[[@r128]\]. NaB treatment also enhanced behavioral performance with increased histone H3, H4 acetylation level and BDNF expression in depressed  mice \[[@r129]\]. Recently, Villain *et al*. \[[@r130]\] reported that intrahippocampal infusion of NaB immediately after a weak training increased histone acetylation level and improved long term memory retention with normal short term memory. Further, NaB not only improved consolidation but also facilitated reconsolidation of spatial memory. It restored H3 acetylation, BDNF expression and recognition memory in cognitively impaired maternally deprived rats \[[@r90]\].

SAHA is also widely used as HDAC inhibitor to restore learning and memory. Alarcon *et al*. \[[@r60]\] have shown  that intraventricular administration of SAHA restored fear memory consolidation and increased histone H2B acetylation level and late phase LTP in CBP mutant mice. Intraperitoneal treatment of SAHA increased fear memory consolidation in HDAC2 overexpressing mice \[[@r5]\]. SAHA also increased H4 acetylation level and recovered freezing memory deficit in mouse model of AD \[[@r74]\]. Peleg *et al*. \[[@r7]\] have shown that intrahippocampal administration of SAHA improved fear memory consolidation and H4K12 acetylation at the promoter of synaptic plasticity genes. SAHA also recovered the spatial memory deficit in sevoflurane-induced learning and memory impaired mice through hippocampal upregulation of synaptic plasticity genes CREB, CBP, EGR1 and Homer1 \[[@r131]\]. SAHA and a new HDAC inhibitor \[N-(2-aminophenyl)-4-\[N- (pyridine-3-ylmethoxy-carbonyl)aminomethyl\]benzamide (MS-275)\] showed antidepressant like effects in mouse model of social defeat and improved social interaction antidepressant like effects in this mouse model \[[@r78]\].

Another HDAC inhibitor, TSA treatment increased histone H3 acetylation, fear memory consolidation and LTP in CBP mutant mice \[[@r66]\]. TSA recovered recognition memory consolidation and histone acetylation at H3K14 and H4K12 in ovariectomized mice \[[@r106]\]. Post training transfusion of TSA in CA1 region of hippocampus increased H4 acetylation level and enhanced spatial memory consolidation in mice \[[@r132]\]. TSA treatment increased H3 and H4 acetylation level at the promoter region of synaptic plasticity genes NR4A1 and NR4A2 \[[@r133]\]. Intrahippocampal administration of TSA after training recovered H4 acetylation in CA1 region of old mice \[[@r134]\]. TSA also enhanced memory consolidation, H3K9 and H4K12 acetylation level at the promoter of BDNF and upregulated its expression in sleep deprived cognitively impaired rats \[[@r69]\]. TSA treatment also improved object recognition memory in kainic acid induced neurodengerative mice model \[[@r128]\]. TSA treatment recovered H3 acetylation level, expression of synaptic plasticity genes ARC, c-FOS and long term memory impairment in HD mouse model \[[@r71]\].

Thus, HDAC inhibition rescues spatial, fear and recognition memory in amnesia, neurodegenerative and mutant mice model as well as enhances memory in normal and aging mice. Hence, HDAC inhibitors can be used for the treatment of memory dysfunction *i.e*. restoration of memory to normal level in memory deficit model and as a memory enhancer to boost memory from normal level in healthy individual \[[@r135]\]. HDAC inhibitor can also be used as antidepressant and might prove beneficial for other neuropsychiatric disorders. However, due to the nonspecific nature of HDAC inhibitors, they inhibit the activity of more than one HDAC enzyme which leads to several side effects such as metabolic dysfunctions, fatigue, gastrointestinal, confusion, cardiac and hematological problem in animal and human studies \[[@r135]-[@r137]\]. Therefore, further research is required to find out specific HDAC inhibitors.

3.3.. HMT Inhibitors
--------------------

Unlike DNMT and HDAC inhibitor, little is known about the HMT inhibitor and its role in learning and memory. G9a/G9a-like protein (GLP) lysine dimethyltransferase controls H3K9 dimethylation and silences the expression of gene. Inhibition of G9a/GLP through specific inhibitor BIX-01294 (diazepin quinazolinamine derivative) increased the expression of synaptic plasticity genes EGR1 and cFOS, and enhanced fear memory consolidation \[[@r138]\]. Snigdha *et al*. \[[@r139]\] first time used HMT inhibitor ETP69, an analog of epidithiodiketopiperazine alkaloid chaetocin A, which inhibits SUV39H1. They observed that ETP69 treatment enhanced object location memory and contextual fear memory in old mice as compared to control group. Further, ETP69 decreased repressive histone mark H3K9 trimethylation at the promoter of synaptic plasticity genes BDNF and upregulated its expression in aged mice. It also promotes spine formation in aged hippocampus.

Conclusion and future direction
===============================

The present review article focuses on the role of chromatin modifying enzymes, DNA methylation and hydroxymethylation, histone acetylation and methylation in the regulation of synaptic plasticity genes, memory and therapeutic approaches using epigenetic modifiers. Studies on animal models and human subjects revealed the role of chromatin modification in transcriptional regulation of gene expression and memory. Involvement of different DNMTs, HATs, HMTs and HDACs in the alteration of memory due to aging, disease and neurodegenerative pathologies makes it a more complex process of gene regulation. Distinct patterns of DNA methylation and histone acetylation have been observed during memory consolidation, memory impairment and different physiological conditions. Such specific marks have been associated with specific sets of synaptic plasticity genes in a particular condition. Remarkably, restoration of specific epigenetic marks by inhibition of these enzymes recovered the expression of synaptic plasticity genes and memory in human subjects and animal models of neurodegenerative diseases and pathologies (Fig. **[1](#F1){ref-type="fig"}**). DNMT, HDAC and HMT inhibitors which are being used currently have broad activity and inhibit more than one enzyme (Table **[1](#T1){ref-type="table"}**). Therefore, the use of specific inhibitor could be a promising way to recover memory. Further, identification of other modifications like DNA hydroxymethylation and histone phosphorylation in the regulation of learning and memory may add to the complexity of this process. Epigenetic research with respect to cognition and memory is still in infancy and needs to be explored in more depth.

CONSENT FOR PUBLICATION
=======================

Not applicable.

The authors thank Council of Scientific and Industrial Research (CSIR) and University Grants Commission (UGC) for Senior Research Fellowship to PS and SS, respectively. The work cited in this article has been supported by grants from the Department of Biotechnology, Department of Science and Technology (EMR/2015/002178/HS), UGC-University with Potential for Excellence and Center of Advanced Study in Zoology to MKT.

CONFLICT OF INTEREST
====================

The authors declare no conflict of interest, financial or otherwise.

![This schematic diagram illustrates a mechanism for regulation of memory through chromatin modifications. In physiological condition, DNA methylation level is low and histone acetylation level is high at the promoter of synaptic plasticity genes resulting in relaxed chromatin, normal gene expression and memory. On the other hand, in pathological condition, DNA methylation is increased at the promoter of synaptic plasticity genes resulting in recruitment of repressor complex along with HDAC2 which in turn deacetylates histones. This leads to chromatin condensation, gene suppression and impairment of memory. Further, treatment with epigenetic modifiers (DNMTs and HDACs inhibitors) decreases DNA methylation, prevents binding of repressor complex and increases histone acetylation. This allows chromatin relaxation, gene activation and memory similar to normal physiological condition.](CN-15-1208_F1){#F1}

###### 

List of enzyme inhibitors, their targets and effect on memory.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Enzyme Inhibitor**                                                                                                                                                                                                 **Target**                           **Effect on memory**                                                                                                                                                                                                     **Refs.**
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ --------------------------------------
  5-Azacytidine                                                                                                                                                                                                        DNMTs                                Rescues recogntion memory in ovariectomized mice, object recognition memory in scopolamine induced amnesic mice, cognition in sevoflurane exposure induced cognitively impaired rats                                     \[[@r12], [@r26], [@r100]\]

  Sodium butyrate                                                                                                                                                                                                      Class I\                             Rescues spatial and contextual fear memory in CK-p25 neurodegenerative mice, fear memory in APP/PS1 AD mice, object location memory in CBP mutant mice, object recognition memory in scopolamine induced amnesic mice,   \[[@r12], [@r74], [@r102], [@r127]\]
                                                                                                                                                                                                                       HDAC                                                                                                                                                                                                                                                          

  Enhances fear memory and object recognition memory in old mice, Improves long term memory retention with normal short term memory and improves recognition memory in cognitively impaired maternally deprived rats   \[[@r7], [@r13], [@r90], [@r130]\]                                                                                                                                                                                                                            

  Improves short as well as long term object recognition memory in kainic acid induced neurodegenerative mice model                                                                                                    \[[@r128]\]                                                                                                                                                                                                                                                   

  Enhance behavioral performance in depressed mice                                                                                                                                                                     \[[@r129]\]                                                                                                                                                                                                                                                   

  Suberoylanilide hydroxamic acid (SAHA)                                                                                                                                                                               Class I and II HDACs                 Rescues fear memory in CBP mutant mice, APP/PS1 AD mice, spatial memory in sevoflurane-induced memory impaired mice                                                                                                      \[[@r60], [@r74], [@r131]\]

  Enhances fear memory in old mice                                                                                                                                                                                     \[[@r7]\]                                                                                                                                                                                                                                                     

  Antidepressant like effects in mouse model of social defeat and\                                                                                                                                                     \[[@r78]\]                                                                                                                                                                                                                                                    
  improves social interaction                                                                                                                                                                                                                                                                                                                                                                                                                                                        

  MS-275                                                                                                                                                                                                               HDAC                                 Improves social interaction and acts as antidepressant in mouse model of social defeat                                                                                                                                   \[[@r78]\]

  Trichostatin-A (TSA)                                                                                                                                                                                                 Class I and II HDACs                 Rescue fear memory in CBP mutant mice, recogntion memory in ovariectomized mice                                                                                                                                          \[[@r66], [@r106]\]

  Improves object recognition memory in kainic acid treated\                                                                                                                                                           \[[@r128]\]                                                                                                                                                                                                                                                   
  neurodegenerative mice model                                                                                                                                                                                                                                                                                                                                                                                                                                                       

  Recovers long term memory impairment in HD mouse model                                                                                                                                                               \[[@r71]\]                                                                                                                                                                                                                                                    

  BIX-01294                                                                                                                                                                                                            G9a/GLP HMTs                         Rescues fear memory consolidation                                                                                                                                                                                        \[[@r138]\]

  ETP 69                                                                                                                                                                                                               SUV39H1 HMTs                         Rescues fear memory and object location memory                                                                                                                                                                           \[[@r139]\]
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

[^1]: Contributed equally.
